Introduction: The VisiTag module (CARTO3) provides an objective assessment of
| INTRODUCTION
Catheter-myocardial contact is a key determinant of ablation lesion formation, with many studies demonstrating the importance of contact force (CF) technology in the determination of ablation lesion quality and size. [1] [2] [3] [4] [5] Real-time CF measurement and display using CFsensing catheters provides immediate feedback to the operator, improving catheter positioning 6 and estimation of radiofrequency (RF) energy delivery. 3 However, it has been recognized from the outset that absolute CF is only one of several factors contributing to RF lesion formation. 7 Using electroanatomic mapping (EAM) systems, multiple parameters can be assessed simultaneously, including ablation time, catheter stability, impedance drop, and catheter tip temperature. Simple summative indices such as force-time integral (FTI) have been shown to be associated with lesion formation, 8 but there has been a drive towards more objective markers for predicting tissue injury. VisiTag is a software module within the CARTO3 EAM system that was introduced in 2014 to permit quantification and display of RFinduced injury. It enables operators to select the values of a specified selection of parameters (including minimum CF, time at location, stability indices, impedance drop and temperature) that must be met in order for a VisiTag marker to be placed at the ablation location. As such, it is an objective marker of ablation parameters that is highly dependent upon operator-assigned thresholds.
Ex vivo 9 and preclinical work 10 has contributed to informed selection of VisiTag thresholds, but there remains a wide variation between clinical operators. 11, 12 The marker is also ascribed a single location on the atrial shell, and operators must interpret the distribution of VisiTags in their assessment of the adequacy of contiguity of lesions. There is therefore a need for the quantification of the predictive value of VisiTags for chronic atrial ablation lesion formation in the clinical setting.
CMR imaging is the only currently available modality for noninvasive ablation lesion assessment, using late gadolinium enhancement (LGE) as a reproducible marker of fibrosis secondary to tissue injury. 13 It must be recognized that the precise relationship between raw signal intensity on the LGE CMR image and histologically validated atrial ablation scar remains under investigation, and it is highly likely that all nuances of scar formation and density cannot be detected using a single technique. However, animal and human studies have demonstrated a strong correlation between ablation lesions and LGE signal intensity, as assessed histologically 10, 14 and by voltage mapping, 15, 16 and therefore the technique is increasingly being used as a marker of mature ablation scar formation.
This study aimed to identify the optimal threshold settings for VisiTag parameters during human atrial ablation to predict mature atrial ablation scar, as assessed using the robust surrogate marker of CMR LGE enhancement. 18 and postablation atrial scar (PAAS) within the 3D
| MATERIALS AND METHODS

| Study population
LGE dataset was interrogated using a maximum intensity projection technique (3 mm outside semiautomated segmentation, 1 mm inside segmentation). 13 This created a LA shell with projected signal intensities, indicating scar location. The PAAS was thresholded using a histologically validated value of 3.3 standard deviations (SDs) above the blood pool (BP) mean. 14 Further details of imaging and processing techniques are provided in the online supplement.
| VisiTag parameter survey
A questionnaire regarding the prevailing practice in the use of CF settings was sent in September 2015 to 35 UK centers performing AF ablation. The full set of questions with potential responses is presented in the online supplement. The responses were used to determine median ranges for the default VisiTag parameter settings (see below).
| VisiTag data export
Ablation data were exported retrospectively, with location-specific 
| Comparison of ablation and CMR shells
The CARTO3 export datasets were processed using custom written Matlab software (MathWorks, Natick, MA). For each subject, the LA shell was remeshed to create isotropic surfaces, and the 27 sets of VisiTag locations extracted. A 7.5 mm search radius was defined for each triangle of the LA shell, and the surface triangles were binarized to those associated with a VisiTag marker (VisiTag "shadow"), and those that were not. The 7.5 mm search radius was defined based upon an anticipated maximum lesion radius of 4.5 mm at 30 W and 10 g force, 19, 20 with the addition of the default "Range" threshold of 3 mm. Shells were also generated with interrogation distances of 2.5, 5, and 10 mm to test the lesion radius assumption. At 2.5 and 5 mm interrogation distance, there were gaps in more than 90% of segments at standard parameters, which was felt to be implausible given the acute electrical isolation of all veins at the end of the procedure. At 10 mm, there were no gaps except at the most stringent of parameter settings.
To facilitate comparison between CMR and ablation data, the CMR shell was registered to the ablation shell using an iterative closest point technique, blinded to both ablation and MRI signal data. 21 To exclude the possibility that the native atrial scar may have been present at the site of VisiTag gaps, the preablation atrial shells were also reviewed at the same threshold of 3.3 SD above the BP mean. The average scar burden at this (relatively high) threshold was 1.5 ± 1.4%, almost exclusively at the right upper pulmonary vein (respiratory navigator artefact) and the mitral valve annulus. Across the 24 subjects, there was no overlap of preablation enhancement and gaps in VisiTag lesions at default settings.
| Lesion continuity assessment
The presence of a gap in CMR LGE scar was assessed at each of 18 sectors for each patient shell. Eight sectors were defined circumferentially around each vein pair, with a ninth, interostial sector also defined on each side. The presence of a gap in VisiTag "shadow" was assessed in blinded fashion for each sector for the 27 parameter setting groups using Paraview (Kitware, New York, NY). The ablation line was considered continuous in the absence of any gap more than 1 mm, representing the absolute CMR resolution limit. Distances were measured as a straight line between the closest points of lesion apposition, using the "Ruler" tool in Paraview. For continuous VisiTag variables ("Force," "Time," and "Percentage Time"), "thresholds" were defined as the most stringent parameter setting at which no gap in VisiTag "shadow" was observed within a sector. "Range" is not an ordinal scale variable, and therefore could not be analyzed using this method (see Supporting Information).
Instead, the total number of "Range" thresholds settings that demonstrated continuous VisiTag "shadow" (maximum six settings) was used as a surrogate summative index. standard" indication of chronic lesion formation. Sensitivity and specificity of VisiTag "shadow" prediction of CMR gaps was assessed using standard methods (outlined in Table 2 ) and used to derive receiver operator characteristic (ROC) curves. Within-patient differences for binary thresholding (impedance On/Off, temperature on/ off) were compared using Wilcoxon matched-pairs signed rank test, and the nonparametric Friedman test was used for multisetting parameters (force, time, range, and percentage time).
| Statistical methods
| RESULTS
Twenty-four subjects were included in the study (Table 3 ).
An example of the variation in VisiTag "shadow" with changing thresholds is shown in Figure 2 , and the results of the CMR gap assessment are shown in the upper row of Figure 3 . Gaps in the thresholded CMR LGE scar were present in 33% of sectors in total, with significant regional variation (P < 0.001). The interostial sector F I G U R E 1 VisiTag locations with variation of "Force" (g). Coloring of tags is according to FTI in (g s). FTI, force time interval; LIPV, left inferior pulmonary vein; RIPV, right inferior PV; RSPV, right superior pulmonary vein was ablated on the right in 13 patients (54%, seven of whom [53%] had CMR gaps), and on the left in nine patients (37%, two of whom
[22%] had CMR gaps).
The sectors in which the highest "Force" VisiTag thresholds could be applied without gaps being demonstrated between VisiTags "shadows" were generally within the right anterior and left posterior regions (middle row, Figure 3) . A slightly different pattern was observed for "Time" thresholds, where the highest threshold was observed inferoanteriorly (lower row, Figure 3 ). Median "Percentage
Time" was 80% in all sectors.
The upper chart in Figure 4 demonstrates the overall accuracy of 
| Individual parameters
The ROC curves (Figure 4 ) demonstrate a significant relationship (P < 0.0001) between a gap in VisiTag "shadow" and a gap in CMR
LGE for all four parameters. n(group) indicates the number of points within each subgroup.
T A B L E 3 Summary of baseline demographics and scan characteristics
All subjects (n = 24) 
| Predictive model
A binomial logistic regression was performed to ascertain the effects of the "Force," "Time," "Target Temperature," and "Impedance Drop"
thresholds on the likelihood of detection of CMR LGE scar gap. at a cut-off value of 0.5. Of the four predictor variables, only "Force"
and "Time" were statistically significant (Table 4) .
| DISCUSSION
This study was designed to quantify the value of VisiTag markers in the prediction of gaps in CMR-assessed ablation lesion sets following AF ablation, as a non-invasive marker of chronic scar formation, and to examine the impact of variations in thresholds of each parameter.
The principal findings are as follows:
1. VisiTag settings vary widely between operators.
2. At default settings, VisiTag "shadow" gaps demonstrate an excellent specificity (97.5%) but poorer sensitivity (50.4%) in the prediction of CMR scar gaps F I G U R E 2 Example of the impact of "Force" threshold alteration. CMR signal intensity (blue-red shell, scar in red) with VisiTag locations overlaid in grey "shadow" at varying thresholds (2-20 g). Note overestimation of lesion formation compared with chronic scar at low threshold (low sensitivity for gaps), and underestimation of scar formation (low specificity for gaps) at high thresholds. CMR, cardiac magnetic resonance F I G U R E 3 Top, Regional distribution of gaps in CMR LGE scar across all subjects. Middle and lower, Highest thresholds that could be applied in each sector without gaps being demonstrated within VisiTag "shadows" for "Force" (middle, in g) and "Time" (lower, in seconds 
| Contact force
There is evidence for the improvement in procedural outcomes with the use of CF technologies. Leading on from early benchmark clinical studies (TOCCATA study  2 and EFFICAS I   3   ) , meta-analysis has demonstrated the benefit of operator feedback of real-time CF.
Use of CF technology is associated with reduced ablation time, reduced total procedural time and perhaps a reduced risk of recurrence, 5, 22 but the findings have not been reproduced universally in carefully designed randomized studies. 23, 24 However, the target CF for creation of permanent, transmural lesions in the atrium remains unclear. The EFFICAS I study was the first to propose firm recommendations, suggesting that a target CF of more than 20 g and FTI more than 400 g was associated with a reduced risk of electrical reconnection at 3 months on invasive testing. These targets were used in the subsequent EFFICAS II study, which reported a consequentially improved durability of PV isolation at 3 months (98%; compared with 81% in EFFICAS I). 25 Most other studies, though, have not stipulated a target CF, in the context of increased risk of complications with high CF. 4 SMART-AF showed that clinical outcome was improved when more than or equal to 80% of ablation lesions were performed within "user-defined" target ranges (overall average CF 17.9 ± 9.4 g), while TOCCASTAR noted that ablation effectiveness improved from 58% to 76% with the use of "optimal CF," defined as more than or equal to 90% of lesions created with CF more than or equal to 10 g. Such findings are difficult to implement clinically, and may suggest that consistent catheter control, rather than CF alone, is also a strong determinant of effective and contiguous lesion formation. In this context, the findings of this study are highly relevant. The fixing of "Time," "Range," and "Percentage Time" thresholds controls for variation in catheter stability on assessment of the impact of CF.
Here, the specificity of gaps between VisiTags for prediction of CMR scar gaps was unchanged between 2 and 8 g, but then fell markedly at a higher CF, suggesting that chronic scar was frequently formed at lower CF. However, the sensitivity and negative predictive value of VisiTag gaps did continue to improve marginally with increasing CF more than or equal to 10 g. The selection of a CF threshold is, unsurprisingly, a trade-off between confidence in efficacy and safety.
However, this study quantifies the diminishing benefit of increasing thresholds above 12 g. and as such it would be anticipated to be a marker of catheter stability. However, on assessment of the data in this study the "Percentage Time" was found to be more than 80% for the vast majority of lesions, and therefore it has proved to be an ineffective filter at default "Force" 8 g. At higher target CF it may become a more discriminant index of catheter stability.
"Target Temperature" and "Impedance Drop" filters are used by few operators, 11, 12 but they clearly improve discrimination in terms of NPV.
It may be most appropriate that the filters are not used during ablation but only for retrospective review of ablation parameters. In view of the limited implementation of the filters, only a single filter setting was assessed. They may warrant further assessment in the future (see Supporting Information Figures 9 and 10 ).
| CMR imaging assessment of chronic scar
LGE CMR techniques have been shown to be a valid and 
| Limitations
The use of the LGE as the gold standard for scar formation is a technique that has been shown to be specific to the presence of scar, but with lower sensitivity. 16, 33 Despite the implementation of best-practice imaging 18 and interrogation techniques, LGE may have missed scar where it was in fact present, and this would imply that lower thresholds than those identified may be effective. There is also the possibility of misregistration of the CMR to EAM shell: 
